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2 ! Abstract 

Abundance observations indicate the presence of rapid-neutron cap- 
ture (i.e., r- process) elements in old Galactic halo and globular cluster 
stars. Recent observations of the r-process-enriched star BD+17°3248 
include new abundance determinations for the neutron-capture elements 
Cd I (Z=48), Lu II (Z = 71) and Os II (Z = 76), the first detections of 
these elements in metal-poor r-process-enriched halo stars. Combining 
these and previous observations, we have now detected 32 n-capture el- 
ements in BD+17°3248. This is the most of any metal-poor halo star 
to date. For the most r-process-rich (i.e. [Eu/Fe] ~ 1) halo stars, such 
as CS 22892-052 and BD+17°3248, abundance comparisons show that 
the heaviest stable n-capture elements (i.e., Ba and above, Z > 56) are 
^ | consistent with a scaled solar system r-process abundance distribution. 

The lighter n-capture element abundances in these stars, however, do not 
conform to the solar pattern. These comparisons, as well as recent ob- 
servations of heavy elements in metal-poor globular clusters, suggest the 
possibility of multiple synthesis mechanisms for the n-capture elements. 
The heavy element abundance patterns in most metal-poor halo stars do 
not resemble that of CS 22892-052, but the presence of heavy elements 
such as Ba in nearly all metal-poor stars without s-process enrichment 
indicates that r-process enrichment in the early Galaxy is common. 

1. Introduction 
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Members of our group have been involved in long-term studies of abundances in 
Galactic halo stars. These studies have been designed to address a number of im- 
portant issues, including: the synthesis mechanisms of the heavy, specifically, neu- 
tron capture (n-capture) elements, early in the history of the Galaxy; the identi- 
ties of the earliest stellar generations, the progenitors of the halo stars; the site or 
sites for the synthesis of the rapid n-capture (i.e., r-process) material throughout the 
Galaxy; the Galactic Chemical Evolution (GCE) of the elements; and by employing 
the abundances of the radioactive elements (Th and U) as chronometers, the ages 
of the olde st stars, and hence the lower limit on the age of the Galaxy and the Uni- 
vcrsc. (SeelTruran et alJbonl ISneden fc Cowanl l2003l. Cowan Sz Thielemannll2004l . and 
Sneden Cowan, fc Gallin J 20081 for discussions of these related and significant topics.) 



In the following paper we review some of the results of our studies, starting with new 
stellar abundance determinations arising from more accurate laboratory atomic data in 
§11, followed by abundance comparisons of the lighter and heavier n-capture elements 
in the r-process-rich stars in §111, with new species detections in the star BD+17°3248 
and the ubiquitous nature of the r-process throughout the Galaxy described in sections 
§IV and §V, respectively. We end with our Conclusions in §VI. 



2. Atomic Data Improvements and Abundance 

Determinations 



Stellar abundance determinations of the n-capture elements in Galactic halo stars 
have become increasingl y more accurate over the last decade with typical errors 
now of less than 10% (ISneden. Cowan, fc Gallinol 120081 ). Much of that improve- 



ment in the precision of the stellar abundances has been due to increasingly more 
accurate laboratory atomic data. New measurements of the transition probabil- 



including: La II ( iLawler. Bonvallet. fc Snedenl |2001aJ) 



and re cently transition probabilities for 921 lines for Ce II 



Palmeri et a 


. 


2000; 


Lawler et al. 




2009); 



Pr II (jlvarsson. Litzen. fc Wahlgrenl 120011) ; Nd II (transiti on probabilities for more 



than 700 Nd II lines, iDen Hartog et all 120031 ): Sm II (lXu et all 120031: a nd re 



cently transition probabilities for more than 900 Sm II lines, 



Lawler et al.l [20061); 



Eu I. II. and HI (Lawler et al.l l200ld: ben Hartog. Wickliffe. fc Lawled I2OO2I): Gd II 



flDen Hartog et all l2006l): Tb II (|ben Hartog. Fedchak fc Lawlerl 12 00 ll: ILawler et al. 



2001H ): Dy I and II f lWickliffe. Lawler. fc Nave 



20001): Ho II (ILawler et al.l 120041 ): 



2007 ); Os I and II 



(llvarsson et al.l 12 003. 



and II ( Fivet et al.l 12006 



Ivarsson et al. 



2003 



2004; IXu et al. 



Er II (transition probabilities for 418 lines of Er II. ILawler et al. 120081 ); Tm I and 
II (lAnderson. Den Hartog. & Lawlerl Il996l: [Wickliffe fc Lawler! 1 19971) : Lu L IL and HI 
flDen Hartog et al.l ll998t buinet et aI.lll999L [Fedchak et al.ll2000l) : Hf II (iLawler et al" 



20041 : lOuinet et al. 



2007); Pt I (IDen Hartog et al 



Biemont et al.l 120071 ): Pb I (iBiemont et al.l l2000D : Th II 



20061): Ir I and II 
20051) : Au I 
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solar and stellar abundances of Pr, Dy, Tm, Yb, and Lu ( ISneden et al. II2009I ). 

These new atomic data have been employed to redeter mine the solar and stellar 
abundances. We show in Figure fTI (from ISneden et al. 1120091 ) the relative REE, and Hf, 
abundances in five r-process rich stars: BD+17°3248, CS 22892-052, CS 31082-001, 
HD 115444 and HD 221170, where the abundance distributions have been scaled to 
the element Eu for these comparisons. Al so shown in Figure U a re two Solar System r- 
process-only abundance predictions from Arlandini et al.l (119991 ) (based upon a stellar 
model calculation) and Simmerer et al. ( 20041 ) (based upon the "classical" r-process 
residual method) that are also matched to the Eu abundances. What is clear from the 
figure is that all of the REE abundances — as well as Hf, which is a heavier interpeak 
element — are in the same relative proportions from star-to-star and with respect to the 
solar r-process abundances. This agreement between the heavier rr-capture elements 
and the Solar System r- process abundance distribution has been noted in the past (see, 



e.ff. JSneden et al.ll2003l ). but the overall agreement has become much more precise, and 



convincing, as a result of the new atomic laboratory data. 



3. Abundance Comparisons 

We can also compare more comprehensive — not just the REE — elemental abundance 
determinations for the r-process-rich halo stars. This is potentially a more rewarding 
enterprise, as it can illuminate the complex nucleosynthetic origin of the lightest re- 
capture elements, and can provide new ways of looking at the age of the Galactic 
halo. 



3.1. Heavy re-capture Elements 



We show in Figure [2] abundance comparisons with extensive element al data for 10 



r-pro c ess-rich stars ( from the top): filled (red) circles, CS 2289 2-052 (ISneden et al. 



2003 



Sneden et al. 
20091 : 



Sneden et al. 
(| Cowan et al. 



2002 



2006 



2002 



200 9]): filled (green) s quares, HD 115444 (IWestin et al.l 12000 



Hansen fc Primasl koilh : filled (purple) diamonds, B D+17°3248 
Roederer et al.l l2010bf ): (black) stars, CS 31082-001 dHill et al. 



Plez et al.ll2004l); soli d (turquoise) left-pointing triangles, HD 221170 (llvans et al. 



Sneden et al. I 120091 ): solid (orange) right-p ointing triangles, H E 1523-0901 



(iFrebel et al.l 120071 ) : (green) crosses, CS 22953-003 ^Francois et aD 120071) : open (ma- 



roon) is^uareSjFIE 2327-5642 ( iMashonkina et al.ll2010l ): open (brown) circl es, CS 29491 
069 (lHavek et al.ll2009f ): and open (magenta) triangles, HE 1219-0312 (lHavek et al. 



20091 ). The abundances of all the stars except CS 22892-052 have been vertically dis- 
placed downwards for display purpose s. In each case the sol id lines are (scaled) solar 
system r-process only predictions from lSimmerer et al.l (120041 ) that have been matched 
to the Eu abundances. 

The figure indicates that for the ten stars plotted, the abundances of all of the 
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Figure 1. — Recent abundance determinations in five r-process rich stars, based upon new atomic 
lab data, compared with two solar system r-pr ocess only pred i ctions . The abundances in each star 
have been normalized to the element Eu. After iSneden et al. I ()2009l ) . Reproduced by permission of 
the A AS. 



heavier stable n-capture elements (i.e., Ba and above) a re consistent with th e relative 



solar system r-process abundance distribution (see also ISneden et al. 1 120091 ). Earlier 



work had demonstrated this agreement for several r-process rich stars (where [Eu/Fe] 
~ 1), including CS 22892-052, and the addition of still more such r-process-rich stars 
supports that conclusion. 



3.2. Light n-capture Elements 

While the heavier n-capture elements appear to be consistent with the scaled solar 
system r-process curve, the lighter n-capture elements (Z < 56) seem to fall below that 
same solar curve. One problem in analyzing this region of interest is that there have 
been relatively few stellar observations of these lighter n-capture elements until now. 
With the limited amount of data it is not yet clear if the pattern is the same from 
star-to-star for the lighter n-capture elements in these r-process rich stars. 
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Figure 2. — Abundance comparisons between 1 r-process rich star s and the Solar System 
r-process values. See text for references. Adapted from lSneden et alTl (|2011h . 

There has been extensive work on trying to understa nd the synthesis of the se el- 
ements. Observations of 4 metal-poor r-enriched stars by I Crawford et al.l (119981 ) sug- 
gested that Ag (Z = 47) was produced i n rough proportion to the hea v y elem ents 
in stars wi t h —2 2 < [Fe/H] < — 1.2. IWasserburg. Busso. fc Gallinol ( 19961 ) and 
McWilliaml ( 1l998l ) pointed out that multiple sources of heavy elements (other than 
the s-process) were required to account for the obse rved abundance s in th e solar sys- 
tem and extremely metal-poor stars, respectively. iTravaglio et al. quantized 
this effect, noting that Sr-Zr Solar System abundances could not be totally accounted 
for from traditional sources, such as the r-process, the (main) s-process and the weak 
s-process. They suggested that the remaining (missing) abundances — 8% for Sr to 18% 
for Y and Zr — came from a light element primary process (LEPP). Travaglio et al. also 
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noted, "The discrepancy in the r-fraction of Sr-Y-Zr between the r-residuals method 
and the CS 22892-052 abundances becomes even larger for elements from Ru to Cd: 
the weak s-process does not contribute to elements from Ru to Cd. As noted [pre- 
viously], this discrepancy suggests an even more complex multisource nucleosynthetic 
ori gin for elemen t s like Ru, Rh, Pd, Ag, and Cd." 



Montes et al.l (120071 ) extended studies of the LEPP and suggested that a range of 



n-capture elements, perhaps even including heavier elements such as Ba, might have 
a contribution from this primary process. (Since, however, Ba in r-process rich stars 
is consistent with the solar r-process abundances, such contributions for these heavier 
elements must be quite small.) They noted, in particular, that this LEPP might have 
been important in synthesizing the abundances in the r-process poor star HD 122563. 

Further insight into the (complicated) origin of the l ighter n-capture ele ments is 
provided by the detections of Ge (Z = 32) in a few stars. ICowan et al. (l20Q5h noted a 
correlation of Ge with the iron abundances in the halo stars with —3.0 < [Fe/H] < —1.5, 
suggesting that the Ge is being produced along with the Fe-group elements at these low 
metallicities. To produce the protons needed to satisfy such a correlati on, a new neu 
trino (i.e., v-p) process that might occur in supernovae was suggested (jFrohlich et al. 
2006). We note that for higher (i.e., at solar) metallicities, Ge is considered a neutron- 



capture element, synthesized in the r-process (52%) and the s-process (48%) (Simmerer 
et al. 2004; Sneden et al. 2008). Thus, there should be a change in the slope of the 
Ge abundances from low metallicities to higher metallicities, a behavior that has not 
yet been observed. 

We show in Figure [3] several r-process predictions for the lighter n-capture ele- 
ment abundances compared with observations of those elements in BD+17°3248 from 



Roederer et al.l (j2010bl ). The two Solar System r-process models ("classical" and "stel- 



lar model") reproduce some of these elements but begin to diverge from the observed 
abundances at Rh (Z = 45). Also shown in Figure [3] are predictions from a High 
Entropy Wind (HEW) mode l, that might be typical in a core-collapse (or Type II) su- 
pernova ( Farouqi et al.l 2009 : K.-L. Kratz, private communication.) This model gives 
a better fit to the abundances, but does not reproduce the observed odd-even effects 
in Ag (Z = 47)and Cd (Z = 48) in this s tar (resembling a trend discovered in other 
r-enriched stars by I Johnson fc Boltd 120021 ) . Recent work by lHansen fc Primad ( 1201 ll ) 
to study Pd (Z = 46) and Ag abundances in stars with —3.2 < [Fe/H] < —0.6 confirms 
the divergence between observations and simulation predictions. 

These comparisons between calculations and observations do in fact argue for a com- 
bination of processes to reproduce the observed stellar abundances of some of these 
light n-capture elements. This combination of processes might include (contributions 
from) the main r-process, the LEPP, the z/-p process, char ged-particle reacti ons ac- 



com panied by 0- delayed fission and the weak r-proc ess (e. o..lKratz et al] 120070. (S ee 



e.p.. lFarouqi et al.ll2009l . l2010l . lRoederer et al.ll2010al lbl. and lArcones fc Montesll201~ll for 
further discussion.) It may also be that during the synthesis the main r-process and 
the LEPP are separate processes, and that the abundance patterns in all metal-poor 
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Figure 3. — r-process a bundance predictions fo r light n-capture elements compared with observa- 
tions of BD+17°3248 from iRoederer et al.l (|2010bT ). See text for further details. 



stars could be reproduced by mixing their yields (IMontes et al.l 120071 ) . Alternatively, 
it may be that the r-process and the LEPP can be produced in th e same events, but 
sometimes only the lower neutron density components are present ( Kratz et al. 20071 : 
Farouqi et aflbOOflh . It has also been suggested tha t the heavier and lighter n -capture 



Qian fc Wasserburgj|2008l ) 



elements are synthesized in separate sites (see e.g 

New observations of heavy elements in metal-poor globular clus ter stars reaffirm the 
abund ance patterns seen in field stars. In the globular cluster M92. lRoederer fc Sneden 
( 1201 ll ) found that the observed star-to-star dispersion in Y (Z = 39) and Zr (Z = 40) is 
the same as for the Fe-group elements (i.e., consistent w ith observational uncertainty 
only). Yet, the Ba ( Sneden. Pilachowski. fc Kraft 2000l ). La, Eu, and Ho abundances 
exhibit significantly larger star-to-star dispersion that cannot be attributed to obser- 
vational uncertainty alone. Furthermore, the Ba and heavier elements were produced 
by r-process nucleosynthesis without any s-process contributions. This indicates that, 
as in the field stars, these two groups of elements could not have formed entirely in the 
same nucleosynthetic process in M92. 



4. New Species Detections 

Roederer et al. (l2010bh reanalyzed near-UV spectra obtained with HST/STIS of 



Cowan et al. 
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Figure 4. — HST (near-UV) spectral regions conta ining Os II and Cd I lines in BD+17°3248, 
HD 122563, and HD 115444 from iRoederer et all (|2010b| ). Reproduced by permission of the AAS. 



the star BD+17°3248. (See also ICowan et all 12002. 120051 for e arlier HST observations 
of BD+17°3248.) We show in Figure H] (from Roederer et al. 2010bl ) spectral regions 
around Os II and Cd I lines in the stars BD+17°3248, HD 122563 and HD 115444. 
There is a clear detection of Os II in both BD+17°3248 and HD 115444 but not in 
HD 122563. The st ar HD 115444 is sim ilar in metallicity and atmospheric parameters 



to HD 122563 (see IWestin et al1l2000h . but much more r-process rich: [Eu/Fe] = 0.7 



versus —0.5, respectively. In the lower panel of Figure H] we see the presence of Cd I 
in BD+17°3248 and HD 115444, as well as a weak detection in HD 122563. Synthetic 
fits to these spectra in BD+17°3248 and HD 122563 indicate the presence of Cd I and 
Lu II lines in both stars, as well as the detection (and upper limit of) Os II in the 
same two stars, respectively. This work was the first to detect Cd I, Lu II, and Os II 
in metal-poor halo stars. 
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Figure 5. — The total observed abundance distribution in BD+17°3248. There are a total of 
32 — not including Ge — detections of n-capture elements, the most in any metal-poor halo star. This 
distribution is compar ed with the two Solar System r-process curves fromfSimmcrc r~et al.l (|2004f) and 
lArlandini etall (jl999ft . 



In addition to these new detections, iRoederer et al.l ( ]2010bl ) employed Keck/HIRES 
spectra to derive new abundances of Mo I, Ru I and Rh I in this star. Combining these 
abundance determinations led to the detection of a total of 32 n-capture species - 
the most of any metal-poor halo star. (Previously, CS 22892-052 had the most such 
detections.) Further, we note that the total detections in BD+17°3248 did not count 
the element Ge. And while Ge may be synthesized in proton-rich processes early in the 
hist ory of the Galaxy, it i s cla ssified as a n-captu re element in Solar System material 



see 



Simmerer et al.ll2004l and lCowan et al.ll2005l ). We illustrate this total abundance 



distribution in Figure [5] co mpared with the two Solar System r-process curves from 
Simmerer et al. (120041 ) and lArlandini et al.l (Il999h . We again see the close agreement 



between the heavier n-capture elements and (both of) the predictions for the Solar 
System r-process curve, as well as the deviation between the abundances of the lighter 
n-capture elements and that same curve. 
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5. The r-process Throughout the Galaxy 



The results of lRoederer et al.l (l2010bl ) also confirm earlier work indicating significant 
differences in the abundances between r-process rich stars, such as BD+17°3248, and 
r-process poor stars, such as HD f 22563. This difference is shown clearly in Figure El 
The abundance distribution for BD+f7°3248 (shown in the top panel) is relatively 
flat — compare the abundance of Sr with Ba — and is consistent with the scaled Solar 
System r-process abundances for the heavy n-capture elements. In contrast the lower 
panel of this figure indicates that the abundances in the r-process poor HD 122563 fall 
off dramatically with increasing atomic number — again compare the abundance of Sr 
with Ba. 

It is clear from much work (e.g., Honda et al. 2006, 2007) that the abundances even 
in a star such as HD 122563 do come from the r-process — the source for the s-process, 
low- or intermediate-mass stars on the AGB with longer evolutionary timescales, have 
not had sufficien t time to evolve prior to the formation of this metal-poor halo star 
(cf. lTruranlll98ll ). Instead, one can think of the abundance distribution in HD 122563, 
illustrated in Figure El as the result of an "incomplete r-process" — there were not suf- 
ficient numbers of neutrons to form all of the heavier n-capture elements, particularly 
the "third-peak" elements of Os, Ir, and Pt. In the classical "waiting point approxima- 
tion" the lighter n-capture elements are synthesized from lower neutron number density 
(n n ) fluxes, typically 10 20 -10 24 , with the heavier n-capture elements (and the total r- 
process a bundance distribut ion) requiring values of n n = 10 23 -10 28 cm -3 (see Figures 
5 and 6 of lKratz et al.ll2007l ). Physically in this "incomplete" or "weak r-process," the 
neutron flux was too low to push the r-process "path" far enough away from the valley 
of /^-stability to reach the higher mass numbers after a and /3-decays back to stable 
nuclides. Instead the lower neutron number densities result in the r-process path being 
too close to the valley of stability leading to a diminution in the abundances of the 
heavier n-capture elements. The lighter n-capture elements, such as Sr, in this star 
may have formed as a result of this incomplete or weak r-process, or the LEPP, or 
combinations as described previously for the r-process rich stars. 



This analysis was extended to a larger sample by iRoederer et al.l (j2010al ) and is 
illustrated in Figure [71 We show the differences between the abundance distributions 
of 16 metal- poor stars, normalized to Sr, com pared with the Solar System r-process 
distribution ( Sneden. Cowan, fc Gallinol 20081 ) . The stars are plotted in order of de- 
scending values of [Eu/Fe], a measure of their r-process richness. Thus, we see near 
the top CS 22892-052 with a value of [Eu/Fe] = 1.6 and near the bottom, HD 122563 
with [Eu/Fe] = —0.5. The figure illustrates the relative flatness of the distributions 
of the most r-process-rich stars ([Eu/Fe] ~ 1) with respect to the solar curves, while 
the r-process poor stars have abundances that fall off sharply with increasing atomic 
number. It is also clear from Figure [7]that there are a range of abundance distributions 
falling between these two extreme examples. (We note that Figure [7] should not be 
taken as an unbiased distribution of stars at low metallicity.) 
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Figure 6. — Abundance distributions in BD+17°3248 and HD 122563 with detections indicated 
by filled symbols and upper limits by downward-pointing open triangles. The new measurements of 
Os, Cd, and Lu illustrated i n Figure [H are labele d. In the top panel (BD+17°3248) the bold curve 
is an HEW calculation f rom iFarouqi et al"1 (|2009|) normal ized to Sr, while the solid line is the Solar 
System r-process curve (|Sneden. Cowan, fc Gallinol |2008|) normalized to Eu. In the bottom panel 
(HD 122563) the s olar curve is normalized b o th to Eu (sol i d line ) and Sr (dotted line). Abund ances 
were obtained from[p o ^an et all ([2002. 2005), Hond a et all (|2006f ). [Roederer et all (|2009ll2010b[ ). and 
ISneden et al. I ()2009| ). Figure from iRoederer et all ()2010bl ). Reproduced by permission of the AAS. 



We emphasize four important points here. First, not all of the metal-poor stars 
have the same abundance pattern as CS 22892-052, only those that are r-process rich. 
Second, while the distributions are different between the r-process rich and poor stars 
there is no indication of s-process synthesis for these elements. Thus, all of the ele- 
ments in these stars were synthesized in the r-process, at least for the heavier n-capture 
elements, and r-process material was common in the early Galaxy. Third, the approxi- 
mate downward displacement from the top to the bottom of the Figure [7] (a measure of 
the decreasing [Eu/Sr] ratio) roughly scales as the [Eu/Fe] ratio, listed in the right-hand 
panel. This can be understood as follows: since the abundance patterns are normalized 
to Sr, and if Sr is roughly proportional to Fe in these stars (with a moderate degree of 



12 



Cowan et al. 



OT 
<D 
O 
O 
U 

a 

i 

u 

m 

W) 
O 



-1.5 - 



-2.0 - 



-2.5 



to 

Ui 

o 

> " 

• i— I 
-l-> 

1u 



-3.0 



-3.5 



-| — I — I — l - 



-| — I — I — T- 



1 — I — I — l - 



-| — I — I — r- 



normalized to Sr 




typical uncertainty 



_i i i i_ 



J I I L 



"I 1 1 1 - 



-I 1 1 1 - 





STAR [Sr/Fe] [Eu/Fe]" 


□ 


HE 1523-0901 


+0.8 


+ 1.8 


o 


CS 31082-001 


+0.6 


+ 1.7 


A 


CS 22892-052 


+0.6 


+ 1.6 ~~ 


□ 


HE 1219-0312 


+0.4 


+ 1.5 


o 


CS 31078-018 


+0.3 


+ 1.2 


A 


BD+17 3248 


+0.3 


+0.9 


□ 


HD 221 170 


+0.1 


+0.8 


O 


HD 115444 


+0.3 


+0.7 ~ 


A 


HD 175305 


+0.1 


+0.4 


□ 


BD+10 2495 


-0.1 


+0.1 


O 


CS 22891-209 


+0.1 


-0.1 


A 


HD 13979 


-0.2 


-0.2 


□ 


CS 22873-166 


+0.1 


-0.3 ~~ 


O 


HD 88609 


-0.1 


-0.3 


A 


HD 122563 


-0.3 


-0.5 


□ 


CS 22949-037 


+0.3 


<+o.o" 



_l I I L 



J I I l_ 



40 50 60 70 80 90 

Atomic Number 



100 



110 120 



Figure 7. — Differences between Solar System r-process abundances and stellar abundances 
for 16 metal-poor stars, normalized to Sr. The stars are listed in order of descending [Eu/Fe], 
and that value and [Sr/Fe] are listed in the box to the right in the figure. A value for a 
typical uncertainty is illustrated in the lower left. Note the difference in the abundance pat- 
tern between the r-process rich star CS 22892-052 and that of HD 122563, with the other stars 
falling between those extremes. Abundance refer ences are as follow s: S.S. r-process abundances 
(ISneden. Cowan, fc Gallinol I20Q8D; HE 1523-0901 (iFrebel et all 120071 and A. Frebel , 2009, private 
communication); CS 31082-001 (iHill et al.l l20"02T: iPlez et al.ll2004HSneden et al |[2009h: CS 228 92-052 



2009) 



2004); 



(jSneden et all J200l ISneden et al. I \2(Mk HE 1 219-0312 faavek et al l 120091; IRoederer et al 
UMi-COS 82 rtAoki et al.ll2007l): CS 31078-018 (lLai et al.ll2008l); CS 30306-132 (lHonda"et~al..- 
BD+1 7 3248 (ICowan et al 1120021 ; ISneden et al~ll2009l; IRoederer et al.ll2010bl); HP 2211 70 divans et al 
2001 ISneden et al. I 120091); HP 115444 dWestin et al l l2000t IRoederer et al.l [20091; ISneden et a~ 
2001: HP 1 75 305 (IRoederer et all l20T0cT); BP +29 2 356 (iRoederer et all 120103): BD+ 10 2495 



(IRoederer et~ai] l2010d) : CS 22891-209~ (lFrancois et al.l 12551: HP 128279 boederer et all l2010cl) : 
HP 13979 (I. Roede rer et al., i n preparation); CS 29518-051 (jFrancois et al.l l2007t): C S 22873-166 
(iFrancois et al.ll2007l) : HP 88609 dHonda et alJl2007D : CS 29491-0 53 dFrancois et aTll2007l) : HP 122563 
fflonda et al.l 120061: IRoederer et al.l l2010bD; and CS 22949-037 (jPepagne et al.ll2002D . Figure from 
IRoederer et all (|2010aD . Reproduced by permission of the A AS. 



scatter — cf. Figure 7 of IRoederer et al.ll2010af) . then of course the [Eu/Sr] ratio roughly 
follows [Eu/Fe]. (See also lAoki et al.ll2005l ) Finally, we note that Ba has been detected 
in all of these stars and the vast majority of low-metallicity field and globular cluster 
stars studied to date. Only in a few Local Group dwarf galaxies do Ba upper limits 
hint that Ba (and, by inference, all heavier elements) may be extremely deficient or 
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absent f lFulbright et all 12004 ; iKoch et all 120081 : iFrebel. Kirbv. fc Simon! 12010( 1 . 



6. Conclusions 

Extensive studies have demonstrated the presence of n-capture elements in the 
atmospheres of metal-poor halo and globular cluster stars. New detections of the re- 
capture elements Cd I (Z = 48), Lu II (Z = 71) and Os II (Z = 76), derived from 
HST/STIS spectra, have been made in several metal-poor halo stars. These were the 
first detections of these species in such stars. Supplementing these observations with 
Keck data and new measurements of Mo I, Ru I and Rh I, we reported the detec- 
tions of 32 n-capture elements in BD+17°3248. This is currently the most detections 
of these elements in any metal-poor halo star, supplanting the previous "champion" 
CS 22892-052. 

Comparisons among the most r-process-rich stars ([Eu/Fe] ~ 1) demonstrate that 
the heaver stable elements (from Ba and above) are remarkably consistent from star- 
to-star and consistent with the (scaled) solar system r-process distribution. Detailed 
comparisons of the REE (along with Hf) among a well-studied group of r-process- 
rich stars, employing new experimental atomic data, strongly supports this finding. 
The newly determined, and lab-based, stellar abundances are more precise and show 
very little scatter from star-to-star and with respect to the Solar System r-process 
abundances. This suggests that the r-process produced these elements early in the 
history of the Galaxy and that the same type(s) of process was responsible for the 
synthesis of the r-process elements at the time of the formation of the Solar System. 

While the heavier elements appear to have formed from the main r-process and 
are apparently consistent with the solar r-process abundances, the lighter n-capture 
element abundances in these stars do not conform to the solar pattern. There have 
been little data in these stars until recently, but now with the new detections of Cd 
and increasing Pd and Ag detections, some patterns are becoming clear. First, the 
main r-process alone is not responsible for the synthesis of these lighter n-capture 
elements. Instead, other processes, alone or in combination, may have responsible for 
such formation. These processes include a so-called "weak" r-process (with lower values 
of n n ), the LEPP, the v-p process, or charged particle reactions in the HEW of a core- 
collapse supernova. It is also not clear whether different processes are responsible for 
different mass regions with one for Ge, a different one for Sr-Zr and still another for Pd, 
Ag, and Cd. It is also not clear whether these processes operate separately from each 
other or in the same site, or whether different mass ranges of the n-capture elements 
are synthesized in different sites. Clearly, much more work needs to be undertaken to 
understand the formation of these lighter n-capture elements. 

The stellar abundance signatures of the heaviest of these elements, i.e., Ba and 
above, are consistent with the rapid neutron capture process, r-process, but not 
the s-process in these old stars. Similar conclusions are found for stars in the an- 
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cient glob ular clusters with comparable abundance spreads in the r-process elem ents 
(see, e.g., iGratton. Sneden. fc Carrettal 12004 ISobeck et al.l l201ll . iRoedererl 1201 ll . and 
Roederer fc Snedenll201ll ). There is also a clear distinction between the abundance pat- 
terns of the r-process rich stars such as CS 22892-052 and the r-process poor stars like 
HD 122563. The latter seem to have an element pattern that was formed as a result of 
a "weak" or "incomplete" r-process. Most of the old, metal-poor halo stars have abun- 
dance distributions that fall between the extremes of CS 22892-052 and HD 122563. 
However, the very presence of n-capture elements in the spectra of these stars argues 
for r-process events being a common occurrence early in the history of the Galaxy. 

Finally, we note the need for additional stellar observations, particularly of the 
UV regions of the spectra only accessible using STIS or COS aboard HST. These 
observations require high signal-to-noise ratios and high resolution to identify faint 
lines in crowded spectral regions. Also we will require more laboratory atomic data 
for elements that have not been well studied to improve the precision of the stellar 
and solar abundances. Additional experimental nuclear data, not yet available, for 
the heaviest neutron-rich nuclei that participate in the r-process, will be critical to 
these studies. Until that time new, more physically based, theoretical prescriptions 
for nuclear masses, half-lives, etc. for these r-process nuclei will be necessary. New 
theoretical models of supernova explosions and detailed synthesis scenarios, such as 
might occur in the HEW, will be very important to help to identify the site or sites for 
the r-process, a search that has been ongoing since 1957. 
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